The expression of programmed death ligand-1 (PD-L1) in tumor has been used as a biomarker to predict the anti-PD-L1 immunotherapy response. To develop a noninvasive imaging technique to monitor the dynamic changes in PD-L1 expression in colorectal cancer (CRC), we labeled an anti-PD-L1 monoclonal antibody with near-infrared (NIR) dye and tested the ability of the NIR-PD-L1-mAb probe to monitor the PD-L1 expression in CRC-xenografted mice by performing optical imaging. Consistent with the expression levels of PD-L1 protein in three CRC cell lines in vitro by flow cytometry and Western blot analyses, our in vivo imaging showed the highest fluorescence signal of the xenografted tumors in mice bearing SW620 CRC cells, followed by tumors derived from SW480 and HCT8 cell lines. We detected the highest fluorescent intensity of the tumor at 120 hours after injection of NIR-PD-L1-mAb. The highest fluorescence intensity was seen in the tumor, followed by the spleen and the liver in SW620 xenografted mice. In SW480 and HCT8 xenografted mice, however, the highest fluorescent signals were detected in the spleen, followed by the liver and the tumor. Our findings indicate that SW620 cells express a higher level of PD-L1, and the NIR-PD-L1-mAb binding to PD-L1 on the surface of CRC cells was specific. The technique was safe and could provide valuable information on PD-L1 expression of the tumor for development of a therapeutic strategy of personized targeted immunotherapies as well as treatment response of patients with CRC. wileyonlinelibrary.com/journal/jcb | 10239
| INTRODUCTION
The T cells are activated by dual signals from specific T cell receptor binding to major histocompatibility complex molecules and from an interaction of the receptors or ligands expressed on the membrane of T cells with the costimulating molecules expressed on the surface of antigen presenting cells (APCs). 1, 2 In normal physiological condition, activated T cells recognize the malignant cells and initiate an antitumor immune response. However, under some circumstances, malignant tumor cells bearing genetic variants express elevated levels of inhibitory receptors and related ligands that suppress T cell activation, resulting in T cell tolerance to tumors and allowing the tumor cells escape immune recognition and avoid immune response. [3] [4] [5] Programmed cell death ligand-1 (PD-L1, B7-H1, or CD274) predominantly expressed on the surface of tumor cells and APCs plays an important role in the inhibition of T cell-mediated immune response. 6 Constitutively overexpressed PD-L1 in several cancers including melanoma, renal cell carcinoma, lung, breast, ovarian, and colorectal cancers (CRC) binds to programmed cell death receptor (PD-1), leading to deactivation of PD-1 expressing T lymphocytes and immune suppression, which is associated with poor prognosis and treatment response. 7 Anti-PD-1/anti-PD-L1 antibodies can prevent the recognition of an important immune checkpoint pathway between PD-1 and PD-L1. Clinical studies have demonstrated anticancer activity of these antibodies in multiple tumor types including advanced melanoma, non-small-cell lung carcinoma, renal cell carcinoma, head and neck cancers, bladder cancer, breast cancer, and Hodgkinʼs lymphoma. 6, [8] [9] [10] Therefore, the changes in PD-L1 expression level can be used to monitor the response of anti-PD-1 or anti-PD-L1 immunotherapies. However, more than half of patients with cancer do not respond to checkpoint blockade therapies because of low levels of PD-L1 or PD-1 expression in cancer cells. 11 Furthermore, PD-L1 expression is a dynamic process that can cause a different efficacy and response of anti-PD-1/PD-L1 target therapy among different tumor types and individuals. 12 Thus, there is a pressing clinical demand to accurately determine the expression levels of PD-L1 in vivo and predict which patients are more likely to benefit from immunotherapy. CRC is one of the most common cancers worldwide, accounting for 10% of all malignancies. 13 It has been reported that upregulation of PD-L1 expression is associated with poor patientʼs outcomes, and as such positive PD-L1 expression has been considered as an independent predictor for colorectal carcinoma prognosis. 14 While
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Ffluorodeoxygucose positron emission tomography/computer tomography (PET/CT) is routinely used in patients with cancer for staging and disease monitoring, little has been done on the assessment of PD-L1 expression in CRC tumor in vivo. Although immunohistochemistry (IHC) of tumor section could be used to determine the PD-L1 expression, the approach needs an invasive procedure for the biopsy from the patient with the assistance of an endoscope, and may give a false negative-diagnosis because of limitations of IHC-based assessment by core needle biopsy. 6 There were multiple prior attempts to characterize the levels of cell surface PD-L1 in various tumor models. 15 Unfortunately, most of those were unsuccessful because of low and variable levels of PD-L1 expression. Our objective of this study was to develop a noninvasive imaging technique to monitor the dynamic changes in PD-L1 expression in CRC tumor. We labeled an anti-PD-L1 monoclonal antibody with near-infrared (NIR) dye and tested that specificity of the NIR-PD-L1-mAb probe to track PD-L1 expression of CRC cells in vivo by performing optical imaging. Our results demonstrate that noninvasive imaging of monitoring PD-L1 expression in human CRC-xenografted mice is reliable, and the technique could provide valuable information on PD-L1 expression of the tumor for development of therapeutic strategy of personalized immunotherapies as well as treatment response of patients with CRC.
| MATERIALS AND METHODS

| Antibodies and cell lines
Anti-PD-L1 antibody against the extracellular domain of human PD-L1 was purchased from Abcam (EPR19759; Abcam, Cambridge, UK). Anti-GAPDH antibody and peroxidase-conjugated secondary antibody were the products of ZhongShan Golden Bridge Biotech Co (Beijing, China). The human CRC cell lines SW620, SW480, and HCT8 were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China).
| Animal models
Female BALA/C nude mice (6-8-week old) were purchased from the Animal Laboratory of Cavens Corporate of Changzhou (Changzhou, China). Mice were housed at the animal facility of Jiangsu Institute of Nuclear Medicine under standard approved sterile laboratory conditions. Mice were subcutaneously inoculated in the back with 5.0 × 10 6 SW620, SW480, and HCT8 cells in 150 µL of phosphate buffered saline (PBS), respectively. When the tumor implants reached 1 cm in diameter (approximately 4 weeks after implantation), the tumor-bearing mice were subjected to in vivo optical tumor imaging and ex vivo biodistribution studies. All procedures were performed with the approval of the Institutional Animal Care and Use Committees of Jiangsu Institute of Nuclear Medicine.
| Synthesis of NIR-PD-L1-mAb antibody conjugates
Anti-PD-L1-mAb was conjugated with Licor800 dye, by using the IRDye 800CW Protein Labeling Kit from LI-COR, according to the manufacturerʼs instructions (LI-COR Biosciences, Lincoln, NE). Briefly, the commercial antibody was first cleaned up with a 3 kDa cutoff Amicon Ultra centrifugal filter (Millipore Corp, Billerica, MA) and washed with the labeling buffer of boric acid solution (pH 8.6) five times. The labeling mixture containing 9 µL of IRDye 800CW NHS Ester in dimethyl sulfoxide, 100 µL of anti-PD-L1-mAb in boric acid solution (pH 8.6) were incubated at 25°C for 2 hours in the dark, followed by desalting with a PD-10 column (Amersham Biosciences, Piscataway, NJ). A Nanodrop 2000 UV-vis spectrophotometer was used to determine the molar extinction coefficient of unlabeled antibody at 280 nm (ε Protein ) and the absorbance of the NIR-PD-L1-mAb at 280 (A 280 ) and 780 nm (A 780 ). The final protein concentration of NIR-PD-L1-mAb and the number of dye molecules per protein molecule (dye/protein ratio) were calculated as the following formula respectively. 
| Cell culture
The human CRC cell lines SW620, SW480, and HCT8 were maintained in RPMI-1640 supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, Utah) and 1% penicillin-streptomycin in a humidified atmosphere of 5% CO 2 at 37°C.
| Flow cytometry
Briefly, cells (1 × 10 6 ) were fixed with prechilled 70% alcohol at 4°C for 1 hour, followed by washing with PBS containing 2 mM EDTA and 0.5% FBS. The cells were blocked with goat serum at room temperature for 1 hour and then incubated with anti-human PD-L1 antibody (ab205921; Abcam) or control IgG (ab17273; Abcam) at 1:100 dilution at 4°C overnight. The cells were washed, incubated with Alexa Fluor 488 conjugated anti-rabbit IgG second antibody (ab150077; Abcam) at 1:2000 dilution at room temperature for 2hours, and analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Franklin, NJ).
| Western blot analyses
Tumor cells were lysed in RIPA buffer at 4°C for 30 minutes. Aliquots of total cellular proteins (30 µg) were resolved in SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore Corp). The membrane was blocked with 5% fat-free milk for 4 hours, and subsequently incubated with primary anti-PD-L1 at 1:100 (ab205921; Abcam) dilution or anti-GAPDH at 1:5000 (ZhongShan Golden Bridge Biotech Co, China) overnight at 4°C, followed by additional incubation with horseradish peroxidase (HRP)-conjugated secondary antibody (ZhongShan Golden Bridge Biotech Co, China) at 1:5000 dilution at room temperature for 1 hour. The specific protein was detected in the presence of HRP substrate luminol reagents by a Bio-Rad ChemiDoc XRS+ imaging system (Bio-Rad, Hercules, CA). Specific protein was quantified by normalizing GAPDH protein using ImageJ software (Java 1.6.0_20, National Institutes of Health).
| In vivo optical tumor imaging and biodistribution studies
Mice bearing SW620, SW480, or HCT8 tumor were intravenously injected with 200 µL of NIR-PD-L1-mAb (approximately 9.5 µg of protein) under anesthetized with 2% isoflurane gas, and the right lateral position images were acquired with the Pearl Impulse Imager in white light and 800 nm channels (Software v2.0; LI-COR Biosciences) at 24, 48, 72, and 120 hours after injection. Equal-sized regions of interest (ROIs) were drawn on tumors and a nontumor background region. The mean fluorescence intensity value of each tumor was normalized to the background signal, and the ratio of fluorescence intensity of the tumor to background was used for statistical analysis. For biodistribution studies, based on the best time of in vivo imaging, mice were euthanized 5 days after intravenous injection with 200 µL of NIR-PD-L1-mAb. Tumors and selected tissues were harvested and weighed. The mean fluorescence intensity of each organ was measured as described above.
| Statistical analysis
All data were expressed as the mean ± standard deviation. Statistical analysis was performed using SPSS software version 19 (SPSS, Chicago, IL). The difference between the three groups was assessed using one-way analysis of variance with least-significant difference-test. P < 0.05 is considered statistically significant.
| RESULTS
| PD-L1 is expressed at a higher level in SW620 cells than SW480 and HCT8 cell lines
The antibody was labeled with IRDye 800CW NHS Ester by acylating the primary amines of the antibody. The final protein concentration of NIR-PD-L1-mAb after purification was 47.9 µg/mL, and the dye/protein ratio was 1.954. To determine the binding ability of PD-L1-mAb to PD-L1 expressed on the membrane of colorectal cancer cells in vitro, we examined three cell lines of SW620, SW480, and HCT8 that are known to express various levels of endogenous PD-L1 protein. As shown in Figure 1A and 1B, a higher level of PD-L1 protein expression was detected in SW620 cells than SW480 and HCT8 cells. The average of fluorescence intensity measured by flow cytometry were 18.8 arbitrary units (AU) in SW620 cells, 11.13 AU in SW480 cells, and 7.6 AU in HCT8 cells ( Figure 1B ). There were significant differences in PD-L1 expression among the three cell lines (P < 0.001). To investigate the PD-L1 protein expression in SW620, SW480, and HCT8 cells, we performed Western blot analyses with a specific antibody to human PD-L1. As shown in Figure 2A and 2B, the expression level of PD-L1 in SW620 cells was significantly higher as compared with SW480 or HCT8 cell cells (0.72 ± 0.02 vs 0.52 ± 0.02, and 0.72 ± 0.02 vs 0.45 ± 0.16, respectively; P < 0.001). The expression level of PD-L1 protein in SW480 cells was also significantly higher than HCT8 cell line (0.52 ± 0.02 vs 0.45 ± 0.16; P < 0.01). This result confirms the diversity of PD-L1 protein expression in three types of CRC cells in vitro, the graded expression was: SW620 > SW480 > HCT8.
| NIR-PD-L1-mAb specifically accumulates in PD-L1 expressing tumors
To determine whether NIR-PD-L1-mAb could detect the PD-L1 expression in human colorectal cancer cells in vivo, we injected 200 µl of NIR-PD-L1-mAb (approximately 9.5 µg of protein) into mice bearing SW620, SW480, and HCT8 tumor, respectively, and recorded the tumor imaging profiles at different time-points. We found that the fluorescence could be detected from 24 to 120 hours after injection, and the fluorescent signal became more and more intensive with the time lapse, and grafted tumors could be well displayed at 120 hours (Figure 3 ). The fluorescence intensity at 120 hours after injection of NIR-PD-L1-mAb was highest in the mice bearing SW620 tumor (9.04 ± 0.28), followed by in mice with SW480 tumor (6.45 ± 0.21), and mice with HCT8 tumor (3.88 ± 0.06).
| Biodistribution of NIR-PD-L1-mAb in mice bearing SW620 tumor is different from mice with SW480 OR HCT8 xenograft
Fluorescent signals from different freshly dissected tissues were quantified by optical imaging. Figure 4 shows the images of dissected tissues of mice bearing human colorectal cancers that were euthanized 120 hours after injection of NIR-PD-L1-mAb. We noted that fluorescent signals in mice with SW620 tumor at 120 hours was more intensive as compared with the mice with either SW480 or HCT8 xenograft (Figure 4) . Consistent with protein expression levels examined by the Western blot in vitro, the highest fluorescence intensity was seen in tumor tissue in SW620 xenograft mouse model (5.05 ± 0.36), followed by the spleen (4.17 ± 0.18), and the liver (3.93 ± 0.13). In SW480 and HCT8 xenograft mice, however, the organs with highest fluorescent signals were detected in the spleen (3.96 ± 0.12 and 4.01 ± 0.07, respectively), followed by the liver (3.81 ± 0.05 and 3.89 ± 0.13, respectively), and in some patients. 16, 17 For example, Topalian et al 18 reported that nine of 25 patients with PD-L1-expressing tumors responded to PD-1/PD-L1 blockage while none of 17 patients with PD-L1 nonexpressing tumors responded.
Further study showed that the responses were also observed in PD-L1 negative cancers although to a much lesser extent because of the effect of PD-1/PD-L1 blockade on the heterogeneity of PD-L1 expression in cancer lesions. 18 A study by Wang et al 19 indicated that PD-L1-positive expression in tumor cells was associated with worse clinical outcome for patients with CRC.
Further research revealed that a small subgroup of metastatic CRC patients with deficiency in mismatch repair do respond to atezolizumab (a PD-L1-targeted mAb approved by FDA) immunotherapies. 20 These studies raise an important question as to how PD-L1 expression is correctly assessed since IHC-based assay by core needle biopsy may not truly reflect the PD-L1 expression status because of IHC limitations under some circumstances such as heterogeneous PD-L1 expression in the tumor, PD-L1 expression outside of the tumor and its dynamic changes in PD-L1 expression over the tumor progression, and different thresholds for positivity applied in different laboratories. 6 Thus it is in great demand to develop a molecular imaging that can noninvasively monitor the dynamic expressions of PD-L1 in vivo to overcome the spatial, temporal and heterogeneity errors caused by IHC on single or repeated biopsies. 21 Over the past several years, NIR fluorescence intraoperative imaging has been used to guide surgery to assess the adequate resection margins for narrowing the gap between preoperative imaging and intraoperative reality. 22 This novel technique has been increasingly used in the resecting variety of cancers, including colorectal cancer and colorectal liver metastases. 23, 24 Recently, NIRconjugated antibodies have been widely used to monitor the expression levels of tumor-specific antigens. 25 PET imaging is also considered to be a promising technology for noninvasive imaging. However, radiolabeled anti-PD-L1 antibodies depend on the long half-life of radionuclide and labeling procedure is more complex. Compared with radiolabeled antibody-based PET imaging, NIR-based optical imaging can satisfy longer clearance times and the labeling procedure is easier. In the present study, we synthesized and applied a NIR-labeled human monoclonal antibody specific to PD-L1 to measure PD-L1 expressions of human CRC in subcutaneous xenografted mice via optical imaging. We also optimized the timepoint for NIR-PD-L1-mAb imaging in tumor grafted mice. Our studies demonstrated that the NIR-PD-L1-mAb binding to PD-L1 on the surface of CRC cells was specific as evidenced by its ability to detect various levels of PD-L1 expression in CRC-xenografted models. Consistent with the expression levels of PD-L1 protein in three CRC cell lines in vitro, our in vivo imaging approach detected the highest fluorescence signal of the xenografted tumors in mice bearing SW620 CRC cells, followed by tumors derived from SW480 and HCT8 cell lines. The SW620 cells appear more aggressive and express a much higher level of PD-L1 protein than other two cell lines since they were derived from the metastatic lymph nodes of colorectal adenocarcinoma while the SW480 and HCT8 cell lines were derived from colorectal carcinoma in situ. 14 In agreement with other investigators, we detected the highest fluorescent intensity in the grafted tumor at 120 hours after injection of NIR-PD-L1-mAb. 26 In contrast to our observation, however, Truillet et al 27 found the best time for detection of PD-L1 expression in vivo at 48 hours after injection of 89 Zr-C4. The possible explanation of the difference in optimal time of PD-L1 detection between Tuilletʼs observation and ours was because of the advantage of small molecular weight of C4. The C4 molecule is an engineered single-stranded monoclonal antibody that contains fused variable Fabs fragments specific to PD-L1 antigen, while NIR-PD-L1-mAb is an intact IgG molecule produced in mouse cells that has a relatively slow circulation clearance as reported in other studies. 15 In addition, our biodistribution analyses showed a significant difference among three types of CRC-xenografted mice at 120 hours after injection of NIR-PD-L1-mAb. The highest fluorescent accumulation was seen in SW620 grafted tumors, which agreed with the higher level of protein expression data from the flow cytometry and Western blot analyses. We also detected high fluorescent accumulation in the spleen in SW620 model, as well as in SW480 and HCT8 models at 120 hours after the probe injection. Our studies together with previous immuno-SPECT/PET studies suggest that the spleen tissue express a higher level of endogenous PD-L1 than grafted SW480 or HCT8 tumors. [28] [29] [30] Our findings indicate that NIR-PD-L1-mAb can specifically detect the PD-L1 expression, and possibly the heterogeneity of PD-L1 expression of human CRC tumor cells too, to guide PD-1/PD-L1-targeted immunotherapies. They also support future work on the use of PD-L1-targeted molecular imaging agents combined with other biomarkers to better guide the PD-1/PD-L1-targeted therapeutic strategy of personized targeted immunotherapies and response to anti-PD-L1 treatment in patients with CRC.
In this study, we chose female mice because previous studies have shown that estrogen has protective effects against ischemia/reperfusion injury and protects some organs, as such females can improve the success rate in transplantation experiments. In addition, male rats are more aggressive and often fight each other, which may lead to the injury and compromise the results. However, whether the NIR-PD-L1-mAb also binds to the PD-L1 on the surface of grafted CRC cells with the same affinity and distributes the same way in males as in females needs to be studied in future. We chose the best time-point of NIR-PD-L1-mAb imaging on the 5th day (eg 120 hours) after a single injection because we found that the fluorescence intensity began to decrease dramatically after the 6th day. Our future work will monitor changes in PD-L1 protein expression of anticancer drug-treated tumors in the xenografted animal models over extended periods of multiple time-points after multiple injections by using NIR-PD-L1 optical imaging.
In conclusion, we developed a NIR dye-labeled anti-PD-L1 monoclonal antibody that is feasible to noninvasively monitor PD-L1 expression in vivo with optical imaging and demonstrated a noninvasive imaging technique to monitor and assess dynamic PD-L1 expression in human CRC tumor microenvironment. Our findings provided valuable diagnostic information for PD-1/PD-L1-targeted immunotherapy selection and treatment response assessment in patients with CRC in future clinical practice of anti-PD-L1-mAb based imaging.
